Bloodstream infection by the pathogenic fungus Candida albicans is a major health problem. Candidemia is often associated with medical devices, which can act as substrates for biofilm development. Biofilm-related infections are relatively difficult to treat because of their resistance to antimicrobial agents. It is therefore important to explore the mechanisms of biofilm formation. Dimorphism is a major contributor to biofilm formation in C. albicans. To determine whether the hypha-related proteins Pra1 (pH-regulated antigen) and Zrt1 (zinc transporter) are responsible for biofilm formation, the ability of pra1 and zrt1 deletion mutants to form biofilms was investigated. Biofilm formation by both deletion mutants was less than that of the wild-type strain. Because Pra1 and Zrt1 are also related to the zinc homeostasis system, the effects of adding zinc on biofilm formation were also examined. Biofilm formation was increased in the presence of zinc. These data suggest that Pra1 and Zrt1 regulate biofilm formation through zinc homeostasis.
The opportunistic fungus Candida albicans is the most common fungal pathogen among humans. This microorganism is a commensal resident on the skin and mucosal surfaces. However, it can cause life-threatening bloodstream infection accompanied by substantial mortality in immunocompromised hosts. Candidemia is often associated with medical devices, such as stents, shunts and catheters (1) . C. albicans has the ability to form biofilms on the surfaces of medical devices. Biofilms are resistant to antifungal agents and can contribute to subsequent candidemia (2) .
The formation of biofilms by C. albicans involves a morphological transition, adhesin production, nutrient acquisition, stress resistance, metabolic change and production of extracellular matrix (3) . The proteins associated with these factors are thought to play pivotal roles in biofilm formation, particularly the yeast-to-hypha transition (4, 5) . The adhesins produced by hyphae are important factors in the first step of biofilm formation (3). Sentandreu et al. showed that the cell surface protein pHregulated antigen (Pra1) interacts with serum (6) . Pra1 expression is upregulated in the hyphal form (6) (7) (8) . Pra1 has previously been described as a fibrinogen-binding protein (9) that interferes with and controls the host immune system and plays a role in immune escape (10, 11) . Deletion of pra1 prevents C. albicans from forming germ tubes at high temperatures (6) . These facts indicate that Pra1 is a dimorphism-related protein and may be related to biofilms.
To form and maintain biofilms, microorganisms must assimilate essential nutrients from their hosts. Zinc, the second most abundant trace metal in vertebrates, is an important cofactor for approximately 9% of eukaryotic proteins (12) . Pra1 also contributes to zinc acquisition as a Correspondence Sanae Kurakado, Department of Microbiology, Meiji Pharmaceutical University, 2-522-1 Noshio, Kiyose, Tokyo, 204-8588 Japan. Tel & fax þ81 42 495 8745; email: kurakado@my-pharm.ac.jp zincophore (13) . Secreted Pra1 sequesters zinc from the host and re-associates with the cell surface of C. albicans via the zinc transporter Zrt1. Pra1 and Zrt1 are regulated by the upstream gene Zap1, which is a zinc-response regulator gene. Zap1 negatively regulates production of the matrix component soluble b-1,3 glucan (14) . Although Zrt1 is not directly associated with production of extracellular matrix, there may be a relationship between the zinc homeostasis system and biofilm formation. In addition, a null mutant in zap1 reportedly shows reduced hypha formation and this defect in hyphal growth is suppressed by overexpression of Zrt1 (15) . These findings also implicate Zrt1 in biofilm formation.
We investigated whether Pra1 and Zrt1 are responsible for biofilm formation by C. albicans. We assessed the ability of C. albicans disruption mutants in these genes to form biofilms. We also examined the effects of zinc on biofilm formation to investigate whether zinc homeostasis is associated with biofilm formation. Table S1 lists the C. albicans strains examined in this study. The strains were grown on yeast extract-peptone-dextrose agar plates at 27°C. pra1 and zrt1 homozygous deletion mutants were constructed by homologous recombination in C. albicans strain TUA4 (Dura3 and Darg4) with reference to the method of Umeyama et al. (16) . The primers used for gene disruption are listed in Table S2 . Briefly, a $500 bp DNA fragment named dis-A or dis-B containing the 5 0 -or 3 0 -region of PRA1 (or ZRT1) was independently amplified with primers disPRA1-1 (or disZRT1-1) and disPRA1-2 (or disZRT1-2) or primers disPRA1-3 (or disZRT1-3) and disPRA1-4 (or disZRT1-4), respectively. Next, the hisG200-URA3 cassette was amplified by PCR using pHisG200-URA3 as a template with DNA fragments dis-A and dis-B for each target gene and primers disPRA1-1 (or disZRT1-1) and disPRA1-4 (or disZRT1-4), and then transformed into TUA4 to generate Dpra1/PRA1 (or Dzrt1/ZRT1). To disrupt the next allele, the ARG4 cassette was amplified by PCR using pUC19-ARG4 as the template with the same DNAs and primers, and transformed into Dpra1/PRA1 (or Dzrt1/ ZRT1) to generate Dpra1/Dpra1 (or Dzrt1/Dzrt1) (Fig. S1 ). The Dpra1/Dpra1 (or Dzrt1/Dzrt1) strain was plated on medium containing 5-fluoroorotic acid (Wako Pure Chemical Industries, Osaka, Japan) to excise URA3. PRA1 (or ZRT1) was reintroduced into the RP10 locus of the null mutant using StuI-digested pFLAG-MET3-PRA1 (or ZRT1) to transform the ura-auxotrophic derivative strain and generate RevPRA1 (or ZRT1). Deletions and insertions were checked by PCR (Fig. S2 ). TUA1, which has a genetic background similar to those of the deletion mutant and revertant, was used as a control strain (wild type) in the assay with the disruption mutant.
MATERIALS AND METHODS

Strains
Biofilm formation assay
Biofilms were formed by cells grown in flat-bottomed, 96-well microtiter plates (TPP, Trasadingen, Switzerland). Standardized cell suspensions (A 630 ¼ 0.1 in RPMI 1640 medium, pH 7.0; Thermo Fisher Scientific, Waltham, MA, USA) were seeded into each well. For the zinc assays, ZnSO 4 (Wako Pure Chemical Industries) was added to yield final concentrations of 0, 1, 10 and 100 mM. For the zinc chelating assay, TPEN was added to adjust the final concentration to 0, 0.01, 0.1, 1, 10 or 100 mM. The plates were incubated statically at 37°C. After 48 hr, the planktonic cells were removed and the wells washed with PBS. Biofilm formation was evaluated semiquantitatively using an XTT reduction(Sigma-Aldrich, St. Louis, MO, USA) or CV assay (Wako Pure Chemical Industries). Absorption was measured at a wavelength of 492 nm (for XTT assay) or 630 nm (for CV assay).
Hyphal growth assay
Standardized cell suspensions (A 630 ¼ 0.1 in Spider medium, pH 7.0) were seeded into each well of a 96-well polystyrene U-bottomed plate (TPP) and the plates incubated statically at 37°C for 24 hr. After incubation, the samples were observed under an optical microscope.
Northern blot analysis
RNA (5 mg) was fractionated via electrophoresis using a 0.9% formaldehyde gel and then transferred to a Hybond-Nþ nylon membrane (GE Healthcare UK, Buckinghamshire, UK) overnight. The RNA was then cross-linked to the membrane by exposure to ultraviolet light and incubated with an alkaline-phosphatase-labeled probe after prehybridization. Alkaline-phosphatase-labeled DNA probes were generated using a Gene Images AlkPhos Direct Labelling and Detection System (GE Healthcare UK). Hybridization was allowed to occur overnight at 55°C, followed by several membrane washes. Finally, the blots were detected using CDP-Star Detection Reagent and Hyperfilm ECL (GE Healthcare UK).
RESULTS
PRA1 and ZRT1 in planktonic and biofilm cells
To determine whether PRA1 and ZRT1 are associated with biofilm formation, we compared expression of these genes between planktonic and biofilm cells. Biofilm cells were grown statically at 37°C for 48 hr, whereas planktonic cells were incubated with shaking under the same conditions. Northern blot analysis showed that the PRA1 and ZRT1 transcript levels were higher in biofilm cells than in planktonic cells (Fig. 1) , suggesting that PRA1 and ZRT1 are essential for biofilm formation by C. albicans.
Biofilm formation by Dpra1 and Dzrt1 mutants
To confirm that Pra1 and Zrt1 are essential for the growth of biofilms, we constructed deletion mutants of these genes and performed a biofilm formation assay. Both the Dpra1 and Dzrt1 mutants were unable to form robust biofilms (Fig. 2a) . We restored these features of the deletion mutants by restoring the corresponding genes. In Spider medium, the Dpra1 and Dzrt1 mutants formed shorter hyphae than the wild-type strain (Fig. 2b) . These results indicate that Pra1 and Zrt1 are essential for biofilm formation by C. albicans.
Effects of zinc on biofilm formation
Because Pra1 and Zrt1 are related to the zinc acquisition system in C. albicans, we examined the effects of adding zinc at concentrations of 1-100 mM on biofilm formation using a CV assay. Biofilm formation was increased in the presence of zinc (Fig. 3) , whereas it decreased in the presence of TPEN, a zinc chelator (Fig. S3) . These results indicate that zinc homeostasis is critical for biofilm formation by C. albicans.
DISCUSSION
Several genes associated with biofilm formation in C. albicans have been identified. Many of their gene products are classified as cell wall-related proteins, including enhanced adherence to polystyrene 1, hyphal wall protein 1, agglutinin-like sequence 1 and Als3. These proteins play important roles in cell-cell and cellsubstrate adherence during biofilm formation (3). Expression of these proteins is often hypha-specific; thus, the yeast-to-hypha transition is closely associated with biofilm development.
Pra1 is a cell wall protein that interacts with human serum (6, 8) and is also secreted (6, 10, 11) . It thought to play a role in host-pathogen interactions because it binds to fibrinogen (9). A pra1 deletion mutant reportedly produces shorter hyphae than the wild type, indicating that this gene is associated with yeastto-hypha transition (6) . Human neutrophils recognize surface-associated Pra1, which enhances neutrophil migration and adherence. However, secreted Pra1 decreases neutrophil activation. Soloviev et al. have reported that adding purified Pra1 to C. albicans and neutrophils suppresses fungal killing by neutrophils, an effect mediated by integrin a M b 2 (17) . Secreted Pra1 also inhibits complement progression by blocking cleavage of C3 to C3a and C3b (18) . The pra1 deletion mutant is killed more efficiently by neutrophils, which suggests that Pra1 plays a role in immune escape (10, 11) . The Pra1 protein has zinc-binding motifs and also functions as a zinc acquisition system. Secreted Pra1 binds host cellular zinc and returns to the C. albicans cell surface by interacting with Zrt1 (13). Amounts of zinc are related to the growth, morphology, and pathogenicity of C. albicans in vitro and in vivo (19, 20) . Thus, zinc homeostasis is believed to be an important factor in biofilm development.
Our data show that expression of PRA1 and ZRT1 is upregulated in biofilm cells (Fig. 1) ; this finding is consistent with RNA sequence data reported by Nobile et al. (21) We assayed biofilm formation using deletion mutants of these genes, both of which we found to be repressed compared to those of the wild-type and each revertant strain (Fig. 2a) . These results suggest that Pra1 and Zrt1 are essential for biofilm formation. Given that these genes are related to zinc acquisition, we evaluated the effect of adding zinc during biofilm formation and found that the presence of zinc increased biofilm formation by the three strains (Fig. 3) . These results indicate that zinc homeostasis is critical for biofilm formation by C. albicans. We also performed an XTT reduction assay; however, the measured values were not consistent with the visual data. We speculate that high concentrations of zinc interfered with the assay.
The zinc-response transcription factor Zap1 is a negative regulator of production of extracellular matrix, which is important for biofilm formation. Zap1 is active in zinc-poor cells and positively regulates expression of PRA1 and ZRT1. It seems paradoxical that biofilm formation was increased in the presence of zinc, whereas adding zinc decreased expression of PRA1 and ZRT1. However, Zap1 controls multiple factors in biofilm formation, including matrix production and filamentation. We speculate that genes downstream of ZAP1 include both positive and negative regulators of biofilm formation and balance biofilm development and dispersion. Indeed, ZAP1 plays two reported roles that balance yeast and hyphae in biofilms (22). Similar phenomena have been reported by others; for example, the transcription factor Zcf32 negatively regulates biofilm formation by inhibiting filamentation, whereas it positively regulates expression of PRA1 and ZRT1 (23).
Deletion of PRA1 and ZRT1 may disturb amounts of intracellular zinc ion and collapse of zinc homeostasis may result in reduced biofilm formation.
In conclusion, we have newly identified Pra1 and Zrt1 as regulators of biofilm formation that function by modulating zinc homeostasis. A recently evolved transcriptional network controls biofilm development in Candida albicans. 
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